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I. INTRODUCTION 
SIMULATION OF THE ENHANCED TRAFFIC ALERT 
AND COLLISION AVOIDANCE SYSTEM 
(TeAS II) 
The Bendix Communications Dfvi~iont under contract with the Federal 
Aviation Administration, has dev(!loped an airborne collision avoidance 
system which consists of a top and bottom mounted eight-element, 
electron'lcally-scanned circular array [1,2J. This system, which is 
referred to as the Enhanced TCAS II, can continually search the space 
surrounding the protected aircraft providing a nearly complete spherical 
coverage. The array radiates sum and difference beams at 1030 MHz. The 
same beams are also used to receive the 1090 MHz replies from 
surrounding aircraft. The receiver consists of a monopulse angle 
measurement which provides target bearing estimates, and it is required 
to have one to two-degree preciSion [1,2J. The bearing estimates are 
combined with altitude and slant range information to generate an 
accurate 3-D t~rget position and velocity estimate. 
Ideally, the shape of the sum and difference beam~ would not change 
as they are scanned around the aircraft. However, the fuselage, wings 
and tail of the aircraft will distort the antenna patterns, and 
therefore, they will affect the accuracy of the monopulse reciever. 
Thus, it ;s very important to analyze the effect of the fuselage, wings 
and tail on the radiation patterns (sum and difference) of the circular 
! 
41 
J 
I 
I 
," 
array. The OSU aircraft code [3J, which is based on the Uniform 
Geometrical Theory of Diffraction (UTD) [4,5,6J, is ideal to carry out 
this analysis because it can model various types of aircraft, and it is 
also capable of calculating both the near and far field patterns of 
antennas mounted on the fuselage. 
II. OSU AIRCRAFT CODE 
The OSU aircraft code [3J, is a Fortran 77 program based on the UTD 
which is a high-frequency analysis technique [4,5,6]. This code has 
been developed at OSU to investigate thA radiation patterns of antennas 
mounted on an aircraft fuselage which is modeled by a composite 
ellipsoid [3,7J; whereas, the Wings, stabilizers, nose, fuel tanks, 
engines, etc., are simulated as perfectly conducting flat plates that 
can be attached to the fuselage and/or to each other. Note that the 
composite elli~soid fuselage model is necessary to successfully model 
the wide variety of real world fuselage shapes. The fuselage has a 
dominant effect on the resulting radiation pattern because the antenna 
is assumed to be mounted on it; therefore, it must be simulated 
accurately, especially near the antenna. Up to 25 flat plates may be 
included in the computer model of the aircraft, and each plate can have 
up to six corners. The maximum number of antennas it can handle is ten 
which is simply based on present array d'imensions. The program can model 
narrow slots or monopoles which are less than A/4 long and are normal to 
the fuselage surface. Note that the number of plates and antennas is 
limited only by the size of the computer memory. 
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Th~ limitations associated wfth the computer code are due to the 
nature of the analysis which is based on the UTO~ As stated before, UTO 
is a high frequency method, and in terms of th~ scattering from plates 
this means that each plate should have edges at least a wavelength long. 
In terms of the composite ellipsofu struct~re, the length of the major 
and minor radii should be at least one wavelength. More details abou~ 
the program and the theory can be found in [3,7J. 
III. TeAS II SYSTEM 
The TeAS II al"ray cO'lsists of an eight-element, 10.5 inch diameter, 
electronically-steer~!ble circular array as shown in Figure 1 {Nate: For 
the convenience of the reader, nll figures have been grouped together at 
the end of the report). Each element is a top loaded monopole with a 
microstrip matching network located at the base of each monopole [1,2J_ 
A Butler matrix is used to produce the sum and difference beam patterns 
as shown in Figure 2. The input to the matrix are the made excitations, 
while the output are the element excitations. The Butler matrix 
operates in such a manner that, given the mode excitations (M
t
), the 
element excitatiOlls (Ei) are given by [8] 
i N/2 
Ei = INi L (MA~) exp [j(MPt)+j2wi~/N] ~=-N/2+1 
where 
Ei = complex excitation of the ith element (volts) 
M~ = complex excitation of the ~th mode (volts) 
N = number of elements = number of mode inputs (in this case N=8) 
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MAt • amplitude of the tth mode input (volts) 
MPt = phase of the tth mode input (radians) 
The elements are numbere1 counterclockwise when looking down onto the 
array as depicted in Figure 3. 
To steer the beam radiated by the circular array in the 
counterclockwise direction by an angle of AB radians, a negative phase 
gradient is applied across the mode inputs. The gradient A6t applied to 
the tth mode is given by [8J 
A6t - tAB (2) 
where t is the mode number. In the TeAS II system, six-bit phase 
shifters are used which permit beam steering in 5.625 degree steps. In 
other words, the beams can be steered to anyone of 64 equally spaced 
positions. More details of this matrix feed method can be found in 
[1,2,8J. 
Ideally, as mentioned in the introduction, the sum and difference 
beams will not change as they are electronically steered around the 
~ircraft. An ideal pair of sum and difference beRms are depicted in 
Figure 4 where the effects of the wings and tail of the aircraft are 
not included. When the wings and tail are added to the computer model 
of the aircraft, the radiation patterns will be distorted as shown in 
Fi gure 5. Thi s di storti on wi 11 affect the accuracy of the beari n9 
estimate of the target aircraft. Thus, it is crucial to analyze the 
effect of the aircraft structures on the antenna patterns in order to 
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compensate for this distortion and still obtain bearing estimates within 
the accuracy requirements. 
IV. SIMULATION 
The OSU aircraft code was used to analyze the radiation patterns of 
the circular array (TCAS II) mounied on the fuselage of a Boeing 737 
aircraft. The fuselage of the aircraft was modeled by a composite 
ellipsoid; whereas, the wings and tail were modeled by flat plates. 
Calculations were made with and without the plates to study the effect 
of the tail and wings on the radiation patterns. 
In order to calculate the sum and difference beams, the following 
approach was followed: First, the radiation patterns of each of the 
eight monopoles were calculated and stored. Each monopole was assigned 
a weight of cn~, and it was assumed to be radiating in the presence of 
the other seven unexcited monopoles. From measurements made at Bendix, 
it was determined that the radiation pattern of a single monopole 
radiating in the presence of the other elements of the array can be 
mudeled by a pair of monopoles separated by ~/4 and out of phase by 
ninety degrees as shown in Figure 6. The phase center of the pair of 
monopoles corresponding to the radiation direction (3=0 (see Figure 6) is 
given by 
x = (l-B/A)/{l+B/A) • ~/8 p ( 3) 
where A and B are the weights of the outer and inner monopoles, 
respectively. Since this phase center has to coincide with the position 
of the actual monopole in the circular array, the computer model used to 
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simulate the circular array is depicted in Figure 7. It can be shown 
that the front-to-back ratio of the pair of monopoles shown in Figure 6 
is 91 ven by 
FB(dB) = 20 10g10 [(A+B)/(A-B)] (4) 
Equation (4) can be rewritten as a function of FB, namely, 
(5) 
Thus, for a given Ft, ·he ratio of B OVfr A can be obtained from 
Equation (5). For the circular array considered in this report, FB was 
assumed to be 15 dB. It follows from (5) that 
B/A -:;: 0.698 (6) 
The values assigned to A and B in the simulation of the TCAS II system 
were the following: 
A = 1. B = 0.698 (7) 
Before the element patterns are shown, it is necessary to briefly 
defln<-! the coordinate system used to define the pattern coordinates. 
The pattern axis of rotation [3] is defined by the spherical angles 
(THC,PHC) as illustrated in Figure 8. These angles define a radial 
vector direction which points in the direction of the pattern axis of 
rotation. These angles actually set-up a new coordinate system in 
relation to the reference coordinates. Once this new coordinate system 
is defined, the program will then compute any conical pattern cut in 
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which THETA is used as the conical pattern angle about the Zp-axis. The 
principal plane patterns are the roll, elevation, and aZlmuth plane cuts 
as depicted in Figure 9. 
Azimuth radiation patterns (THETA=7S0) of each of the eight 
elementr, of the circular array ~re shown in Figures 10 through 17. 
First, these patterns were calculated by simulating the aircraft by only 
a fuselage, in which case they represent the ideal radiation pattElrns. 
The comput~r model of the fuselage is shown in Figure 18. Next, the 
same patterns were calculated, but a more realistic model of the 
aircraft was used as illustrated in Figure 19. Note that this model 
includes the wings and tail of the aircraft; however, the horizontal 
stabilizers were not included. It is known from experience, that for 
the location of the array being considered here, the horizontal 
stabilizers will have an insignificant effect on the radiation pattern, 
and therefore, they are not included in the computer mode1 to save 
computer time. It is observed (for THETA=75°) that the elements most 
affected by the different structures of th~ ai rcril'ft are el ements three, 
four, and five. Especially element number four, because its main beam 
is directed toward the tail. The input data used to calculate the 
element patterns is shown in Table I. Note that this data includes the 
plates that model the wings and tail of the aircraft. The input data 
used to calculate the ideal element patterns does not include any 
plates. Once the radiation patterns of the eight elements are 
calculated and stored, they can be combined by weighing each pattern 
appropriately to obtain the sum and difference beams pointed in any of 
the 64 equally spaced directions around the aircraft. 
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TABLE I 
INPUT DATA FOR TCAS II 
AIRCRAFT CODE: ELLIPSOID VERSION 
UN:INOIES 00: EK: 3 T S3: ELEMENT 5 PO: 1.06 GJZ PP: IOLM HDr IN IE 
-2.64,73.536 1,1.06,1. F 2 FG: 'BOEIro 737 1~1.5,3 1.39,135. 77.,74.,830.,308.56 PO: AZ OO'lH HJI.NE 0.,0.,0.,2.78,3 T 90",,0. ,90. 1.,-45. 0.,0.,70. 0,360,1 1.39,-45. S3: ELEMENT 1 T,1000000. 0.,0.,0.,2.78,3 2.64,66.464 EK: 
.698,45. 2 S3: ELa.u::NT 2 EK: 1.39,-45. 3.73,70. S3: ELa.u::NT 6 0.,0.,0.,2.78,3 2 
-3.73,70. 1.,-45. 1.39,0. 2 1.39,135. 0.,0. ,0. ,2.78,3 1.39,180. 0.,O.,O~,2~7Bt3 1.,-45. 0.,0.,0.,2,.78,3 
• 698,45. 1.39,180 • 1.,-45. IG: RIGHT WOO 0.,0.,0.,2.78,3 1.39,0. 4,T 
.698,45. 0.,0.,0.,2.78,3 1.,75. ,67 .952 EK: .698,45. 1.,536.93,316.14 SG: ELElotENT 3 EK: 1. ,536.93,379 .. 86 2.64,73.536 &:': ELEMENT 7 1.,75.,240 .26 2 
-2 .. 64,66.464 :ro: LEJiT WOO 1 .. 3S",45. 2 4,T 0.,0 .. ,0. ,2.78,3 1.39,225. 1. ,-75 .. ,240 .. 26 1.,-45. 0.,0.,0.,,2.78,3 1. ,-536 .. 93,379.86 1.39,225. 1.,-45. 1.,-53G.93,316.14 0 .. ,0.,0.,2.78,3 1.39,45. 1.,-75,.,,67.952 
.698,45. 0.,0.,0. ,2.78,3 IG: TAIL EK: .698,45. 4,T ro: ELDIENT 4 EK: 77.,8.25,618.55 0.,75 .. S3: ELD1ENT 8 284 .. 147,8 .. 25,819.056 2 0. ,65. 284.147,0. ,683 .696 1.39,90. 2 77 .. ,0 .. ,483 .19 0.,0.,0. ,,2.78,3 1.39,270. IG: TAlL 1.,-45. 0.,0.,0.,2.78,3 4,T 1.39,270. 1.,-45. 77.,0. ,483 .19 0.,0.,0.,2.78,3 1.39,90. 284.147,0.,683.696 
.698,45. 0.,0.,0.,2.78,3 284.147,-8.25,819.056 
.698,45. 77.,-8.25,618.55 
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The complex mode excitations (Mt ) of the Butler matrix were 
provi ded by Bend1 x, and they are given in Tab') elI. These modes 
correspond to the case where the beams point in the direction of the 
nose of the aircraft. Once the modes Mt are given, the element 
excitations (Ei) are easily calculated as indicated by Equation (1'" and 
the results are shown in Tab1e 111. The details of how the modes (M,) 
were obtained are given in [8,9J, and they will not be discussed here. 
Using the ~1ement excitations obtained in Table III, the sum and 
difference beams are computed. The azimuth radiation p~ttdrns 
(THETA=900) of the sum and difference beams are depicted in Figure 20 
where the aircraft is modeled by a fuselage only; i.e., an aircraft 
model without plates. If a more realistic model cf the aircraft is 
used, i.e., an aircraft model with plates, one obtains the patterns 
shown in Figure 21 where the effect of the wings and tail are rlearly 
illustrated. As expected, the vertical stabilizer produces the greate~t 
distortion on the radiation patterns. The wings also distort the 
patterns; however, that distortion is less severe than that due to the 
vertical stabilizer. When the beams are steered ninety degrees, the 
effect on the radi at i on patterns due to the wi ng bei I'.g ill umi nated is 
more apparent as depicted in Figure 22. The worst case occurs when the 
beams are pOinted toward the tail of the aircraft as shown in Figure 23. 
Recall thai: the beams are steered by simply adding a phase gradient to 
the mode excitations as indicated in Equation (2). 
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-2 
-1 
0 
1 
2 
3 
4 
MODE NO. 
-3 
-2 
-1 
0 
1 
2 
3 
4 
f :;ft 
TABLE II 
MODE EXCITATION COEFFICIENTS 
Sum Beam 
AMPLITUDE (DB) PHASE (DEG) COMPLP 
-16.3732 -99.94 (-0.0262 , -0.1495 ) 
-13.3899 -19.899 ( 0.2013 , -0.07285) 
-6.51216 46.14 ( 0.3274 , 0.3407 ) 
.. 3.81708 3 ( 0.6435 , 0.03372) 
-6.41237 45.163 ( 0.3370 , 0.3389 ) 
-13.3899 -20.545 ( 0.2004 , -0.07512) 
-16.3732 -99.671 (-0.02550 ,-0.1497 ) 
-59.9001 0 ( 1.012x10-3, 0.0 ) 
Difference Beam 
AMPLITUDE (DB) PHASE (DEG) COMPLEX 
-13.5801 76.06 ( 0.05045 , 0.2032 ~ -11.8875 151.101 (-0.2228 , 0.1230 
-3.30896 -142.86 (-0.5446 ,-0.4125 ) 
-19.836 4 ( 0.1017 , 7.109X10-3~ 
-5.40549 39.163 ( 0.4161 , 0.3389 
-9.79482 -24.545 ( 0.2945 ,-0.1345 ) 
-15.8675 -105.67 (-0.04347 ,-0.1549 ) 
-59.9 0 ( 1.D12x10-3, 0.0 ) 
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TABLE III 
ELEMENT EXCITATION COEFFICIENTS 
Sum Beam 
ELEMENT NO. AMPLITUDE (DB) PHASE (nEG) COMPLEX 
1 
-6.34062 32.3742 (0.4070 , 0.2580 ) 2 
-19.22 37.8493 (0.08638 , 0.06712) 3 
-12.6118 
-78.1094 (0.04824 , -0.2291 ) 4 
-12.6953 
-48.9456 (0.1523 ,-0.1748) 5 
-12.4011 
-78.2374 (0.04890 , -0.2348 ) 6 
-19.6004 35.5149 (0.08523 , 0.06083) 7 
-6.42343 32.0745 (0.4045 , 0.2535 ) 8 
-4.54845 9.18114 (0.5848 , 0.09451) 
Difference Beam 
" 
> 
ELEMENT NO. AMPLITUDE (DB) PHASE (DEG) COMPLEX 
1 
-8.61776 90.9364 {-6.059x10-3 , 0.3707 ~ 2 -5.39759 135.167 {-0.3809 t 0.3787 3 
-17.2476 150.721 ( -0.1197 , 0.06714 ) 4 
-19.6467 4.03708 ( 0.1039 , 7.332x10-3 ) 5 
-11.7454 
-.270649 ( 0.2587 ,-1.222x10-3 ) 6 
-5.30513 
-42.3221 ( 0.4014 ,-0.3656 ) 7 
-7.3956 
-88.7265 ( 9.486x10-3 ,-0.4267 ~ 8 -33.6091 -30.3929 { 0.01800 ,-0.0106 i"j ;-' , '. . i •. 
r~ I 
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The next step in the analysis is to process the i~formation given 
by the sum and difference beams to obtain an estimate of the bearing of 
t~e target aircraft. This is done with a Squinted Beam Monopulse 
Processor [1,2J. The output of the angle processor is a monopulse 
characteristic curve given by [1,2] 
I }; + j ~ I M = 20 10g10 r. - j ( 8) 
where}; and 6 are the sum and difference beams~ respectively. As 
indicated in [1,2], this processor is optimum in the sense that the 
standard deviation of the estimated bearing is minimized for a given 
transponder reply signalGto-noise ratio. In Figure 24, the monopulse 
curves corresponding to Figures 20 and 21 are shown. Both curves are 
similar, except in the regions from -180 to -80 degrees and from 80 to 
180 degrees where the effect of the wings can be seen. Since the region 
of interest \!i from -25 to 25 degrees, the same monopulse curves are 
plotted again in Figure 25. As expected, both monopulse curves have the 
same shape, except that the curve corresponding to the aircraft model 
with plates is shifted upward about 3 dBs. This shift occurs because 
the beams are directed toward the nose of the aircraft. In other words, 
the tail and wings are not strongly illuminated and therefore they have 
a minor influence on the radiation patterns. On the other hand, when 
the beams are steered toward the wings and tail, the monopulse curves 
are distorted as shown in Figures 26 through 29. In Figure 27, in the 
region from 0 to 25 degrees, the monopulse curve is distorted due to the 
scattering of the right wing. A more severe distortion of the monopulse 
curve occurs when the beams are pointed toward the tail as illustrated 
in Figures 28 and 29. 
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In order to have a better understanding of the effect of the 
vertical stabilizer, a more detailed analysis was done. In Figure 30, 
it is shown that for THETA greater than about 70 degrees, the vertical 
stabilizer will shadow the circular array when the observation point is 
behi nd the tai 1 of the ai rcraft. In other words, for THETA greater than 
70 degrees and when the observation point is behind the tail, the direct 
field radiated by the array will be blocked by the vertical stabilizer. 
This blockage of the direct field will cause a distortion in the sum and 
difference beams when they are pOinted toward the tail. 
Recall that the total field radiated by the circular array is 
calculated by superposing the source, reflected and diffracted fields 
plus higher order terms if necessary. For example, consider the case 
when the beams are pointed in the direction -157 degrees as illustrated 
in Figure 31 where only the source field is included. Since THETA=60o, 
the tail will not block the direct field and therefore, this field 
component is continuous. Note that all the patterns shown up to this 
point were the Ea component of the electric field. However, since the 
array is mounted on a convex surface, i.e., prolate spheroid, the E~ 
component of the electric field will also be excited due to the presence 
of surface ray tension [7,10] as shown in Figure 32. Even though the E~ 
component is excited, it is much smaller than the Ea, and it can be 
neglected in the present problem. Because the vertical stabilizer is 
illuminated by the circular array, it will reflect some energy as shown 
in Figure 33. Recall that the vertical stabilizer is modeled by two 
flat plates which form a wedge as shown in Fijure 19. Since both 
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faces of the wedge are illuminated, energy is reflected in two 
directions as shown in Figure 33. When both field components are added 
(source and reflected), one obtains the patterns shown in Figure 34. 
These field patterns, which are referred to as the geometrical optics 
fields (GO), are somewhat distorted due to the presence of the reflected 
field. Furthermore, they are discontinuous due to the absence of the 
edge diffracted field. The edge diffracted field is shown in Figure 35, 
and as expected, its magnitude is comparable to that of the reflected 
field. When the diffracted field is added to the. GO field, the sum and 
difference beams become continuous as shown in Figure 36. Even though 
the resulting sum and difference beams are somewhat distorted, they are 
still fairly similar to the ideal patterns depicted in Figure 31. Next, 
using Equation (8), one computes the monopulse characteristic curves as 
shown in Figure 37. The effect of the vertical stabilizer can be seen 
around the region from -30 to 0 degrees and from 50 to 80 degrees. As 
mentioned before, the region of interest is from -25 to 25 degrees. 
Thus, in Figure 38, only this region is plotted where one can see in 
more detail the effect of the tail. It is clear that the effect of the 
tail is severe from -25 to -7 degrees. On the other hand, in the region 
from -5 to 20 degrees, the two monopulse curves are similar except for a 
shift of about 3 dBs down in the curve corresponding to the aircraft 
model that includes the vertical stabilizer. Note that in Figure 38, 
the tail is located around 23 degrees; however, the effect of the tail 
on the monopulse curve shows up from -25 to -7 degrees. The reason for 
this apparent discrepancy is that, as stated before, the vertical 
14 
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stabilizer is like a wedge-type structure. Therefore, energy is 
reflected in two directions. The distortion seen in Figure 38 is due to 
the left size of the vertical stabilizer when looking at the aircraft 
from behind. As THETA increases, the effect of the tail becomes more 
severe as illustrated in Figures 39 through 45. 
When THETA is equal to 90°, which corresponds to the azimuth plane, 
the vertical stabilizer will block the direct field from the array as 
illustrated in Figure 46 where the source fields corresponding to the 
sum and difference beams are depicted. When the reflected and edge 
diffracted fields are added to the source field, one obtains the 
patterns shown in Figure 47. Using Equation (8), the monopulse 
characteristic curves are obtained as depicted in Figures 48 and 49. In 
Figure 49, the severe distortion caused by the verticai stabiiizer in 
the region from 2 to 25 degrees can be seen. One additional example is 
shown in Figur~s 50 through 54 where THETA = 95°. For this conical 
angle {THETA = 95°)p the source field depicted in Figure 50 is composed 
mostly of surface ray fields diffracted from the fuselage of the 
aircraft which is a convex surface. The monopulse curve for this 
conical angle is depicted in Figures 53 and 54 where the effect of the 
vertical stabilizer can be seen around 22 degrees. 
As illustrated by the several examples, monopulse curves are a 
function of the angle THETA, i.e., the monopulse curves change as THETA 
changes. In order to have some idea of how they are affe~ted by THETA, 
the following calculations were made. First, for a fix beam position, 
monopulse curves were calculated for nine different values of THETA: 
60°, 65°, 70°, 75°, 80°, 85°, 90°, 95°, and 100°. Once the nine 
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monopulse curves are obtained for each beam position, the average of 
these nine curves can b& calculated for angles of observation within ±25 
degrees off bores1ght. Furthermore; for the same range of angles, the 
maximum and minimum values attained by the monopulse curves can rlso be 
calculated. The average values of the monopulse curves for various beam 
positions are shown in Figures 55 through 59. For a given value of 
THETA within the range 60 to 100 degrees, the monopulse curve will lie 
within the envelope form by the curves labeled maximum and minimum as 
illustrated in Figures 55 through 59. Note that for the beam positions 
0, 90 and 145 degrees, the maximum and minimum curves are close 
together. On the other hand, for the beam positions 180 and -157, both 
curves (maximum and minimum) are farther apart. Recall that in an idea~ 
situation, the monopulse curves would not change as the vaiue of THETA 
changes. However, as shown in Figures 55 through 59, the problem being 
considered here is not ideal. Therefore, it is important to study to 
what extent the monopulse curves depart from the ideal situation in 
order to take appropriate measures and compensate for any distortion. 
V. CONCLUSIONS 
The OSU aircraft cod~ was used to study the radiation patterns of 
the TCAS II sy£tem. Ideally, the shape of the sum and d1 fference beams 
radiated by the circular array will not change as they are rotated 
around the aircraft. However, as shown in this report, due to the 
b10ckage by the various structures of the aircraft, i.e., fuselage, 
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wings, vertical stabilizer, the shape of the b~ams will be distorted. 
As expected, the distortion was shown to be worst when the beams are 
pOinted in the vicinity of the tail of the aircraft. Another aspect 
that was studied was the variation of the monopulse curves as a function 
of the angle THETA which is the conical angle measured from the 
vertical. An example was considered when the beams are pointed toward 
the vicinity of the tail of the aircraft. It was shown that due to the 
blockage of the vertical stabilizer, the monopulse curves are severely 
distorted for THETA greater than 70 degrees and when the observation 
point is behind the tail. 
As stated several times before, the distortion of the sum and 
difference beams will affect the accura~y of the estimated bearing of 
the target aircraft. Thus, appropriate measures have to be taken to 
compensate for the distortion of the radiation patterns of the TeAS II 
circular array. For example, once the monopulse curves are computed for 
the 64 beam positions (every 5.625 degrees) following the approach 
described in Section IV, a lookup table can be created to compensate for 
the differences betwGJn the curves. This compensation is necessary in 
order to maintain the one to two-degree precision of the monopulse 
receiver • 
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Figure 1. Eight element, ID.5-inch diameter, electronically-steerable 
circular array. The array is covered by a fiberglass radome 
and rain erosion coating not shown in this figure. 
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Figure 2. Beam forming network which uses a Butler matrix to determine 
the element excitations. 
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THC = 90.0 
PHC = 0.0 
THETA = 75.0 
Figure 4. Sum and difference beams pointed in the nose direction. The 
aircraft is modeled by a fuselage only. 
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Figure 5. Sum and difference beams pointed in the nose direction. 
computer aircraft model includes the wings and tail. 
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Figure 9. Transformed coordinate systems for the conical pattern cuts. 
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Figure 9. (continued). 
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THETA = 75.0 
Figure 10. Radiation pattern of element number one (see Figure 7). 
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FREQ. = 1.06 GHz 
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PHC = 0.0 
THETA = 75.0 
Figure 11. Radiation pattern of element number two (see Figure 7). 
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FREQ. = 1.06 GHz 
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THETA = 75.0 
Figure 12. Radiation pattern of element number four (see Figure 7). 
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Figure 13. Radiation pattern of element number four (see Figure 7). 
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Figure 14. Radiation pattern of element number five (see Figure 7). 
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Figure 15. Radiation pattern of element number six (see Figure 7). 
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Figure 16. Radiation pattern of element number seven (see Figure 7). 
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Figure 19. Computer simulated model of a Boeing 737 aircraft. The 
wings and vertical stabilizer are modelled by perfectly 
conducting flat plates. The fuselage is modelled by a 
composite-ellipsoid. 
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The aircraft is modelled by a composite-ellipsoid only. 
That is, the wings 'and tail are not included )n the 
computer simulation. 
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Figure 22. Sum and difference beams pointed in the right wing 
direction. 
41 
" 
, 
f 
I. 
1 
I 
,..: \ 
SUM BEAM 
DIFFERENCE BEAM 
- Alftl:l""" WOOEI. WITH ,"I.ATES 
--- Alftl:ftA,.,. WOOEI. WITHOUT '"loUtS 
1IOs[ 
TAIL 
ISCALE. EACH DIVISION-IDOBI 
HOSE 
TAIL 
ISCALE. EACH DIVISION.IDDBI 
NORMALIZED TO 8.0 dB 
ETH POLARIZATION 
FREQ. = 1.06 GHz 
THe = 90.0 
PHC = 09 0 
THETA = 90.0 
Figure 23. Sum and difference beams pointed toward the tail of the 
ai rcraft. 
42 
"1 
I' ~. 
: 
:1' , . I', 
I 
I 11 
I ' I: 
I' : j 
i 
f 
I 
rll t~ 
r 
i 
~ 
w 
CD 
" ~, .. ,r~~.~ ,,,,: .• ~' ~:"':.""": ~ 
a 
lJ) 
a 
:::2' 
0 
en 
a 
nJ 
a 
CONICAL PATTERN ANGLE 
BEAM PQS IT ION 
,-'----- ...... 
- ...... 
~"~'7~C7"7' '~'''~~''j~¥''~f:;a~:::AtWS4+;sO i. ii .... ,•• >? ; :::gg 
90 
o 
, 
- AIRCRAFT MODEL WITH PLATES 
--- AIRCRAFT MODEL WITHOUT PLATES 
/ '-
00 
a 
a 
nJ 
I 
a 
en 
I 
. 
C) 
::t' 
I 
~~---.I---.I----rl ---.I---.I----·I---.I---.Ir---~--'I---.Ir---rl---.I---.jr---rj---.I----jr---4 
-1@0.-160.-il!O.-120.-100. -80. -60. -110. -20. O. 20. LID. GO. 80. 100. 120. ILIO. 160. 180. 
I RNGLE 
_RIGHT 
WING 
Figure 24. Monopuise curves co~responding to Figures 20 and 21. 
LEFT _ 
WING 
, 
l 
'. 
'1< 
;'~ 
'1 
. JJ 
1.1 
.~~'":;'"---:::::.~:-.=:::-~- P, - • "" ~ •.• "~~~-==:~ 
, J:~ ,;. 17" ~ t,. '(f. to ".:-~"' .. " ,,~ ."" •• 
-~..:. .. :- . .. uui ..... -·----~t-~ .. ~ . .,....,-.'.~.,., "·~~-4 ... ~~~.::c-· .. i.-£!t:--·':::..-~""-... ~--~~~-~· ... &. .• :-· ~ ____ ..... __ >. -.. __ • '". .,t) ~~.,.:~_ ..... _ .. 
C) 
, ... 
LI) 
~-i 
m 
(ONIcnl rn~lEnN ANGLE 
O[nH POSITION 
~\ll 
o 
II'" 
AIRCRAFT MODEL WITH PLATES 
AIRCRAFT MODEL WITHOUT PLATES 
./ 
.... ,.. 
'" 
,.. 
...,-
",'" 
-
-' .r 
" 
"" 
", 
.r ./ ./ ./ 
! 
I' 
!~ 
" • • 4i 
~ 
~ 
::r 
m ~. 00 7 / ~ 
--
-
.-,.. 
: ~~ 
~ ;~l 
, ;1 
~ .': ~ 
I" 
I ! ~ " I:,)' 
I 
I 
I 
I 
::r 
~·_I//".r"""".r ru ",,  
.- " , / 
.'- / 
'0 ./' 
... ./ 
" 
-20. -IS. 
_RIGHT 
WING 
-10. . S. Ill. 
rlNt.ll 
~J • 10. I~. ?O. 
Figure 25. Monopulse curves corresponding to Figures 20 and 21. 
i I 
. ~ 
-~.".-.-<-
,;~:®. ~~. 
~. -:'" .. +!,' If· I.~'.. ~ ~J'f : 'i, 
.-. ~ & -"..,....--___ .... i·".,.·~ .• _" --.... .... ~,,~·v -.~Oh-.~~ .. ~tiht""~-....... ~.4 .. :~~~~....;&...,--
.. .,. 
LEFT ~ 
WING 
_41) 
===.-=-~"~~.-. 
I~ 
~ 
.. ' 
'1 
j 
I 
'1 
I 
I. : 
~ HI ~ z-, ~ 
~ ',~ 
, JJ 
:'~.' ''l~ 
: "J'~ .f1 ,. 
~ ,.~ ..... 
I··~·i/ 
l. :' 
: .i 
I 
I 
I 
i 
-!:=> 
c.n 
·~~: \f'-\l'." ,...;-' :"; ,.~,~ .~~~' '" "~CP1!!'·';-"'·--'T·'''''l:'I~flINiiIM~~np"W",.z= li. £ 
, .. ". ~'. • -', "'}"j,... ," ," ... ". " tit ~'~~ •. ~' _ ~"l!'-:r ~ 1;:' ~ <--W-> ""~' ::':1,3'- __ ' .. 
CONICAL PATTERN ANGLE 
BEAM POSITION 
90 
90 --AIRCRAFT MODEL WITH PLATES 
- --- AIRCRAFT MODEL WITHOUT PLATES 
~ I ---------------------.-----------------------------------------~ 
Ul 
o 
~ 
C) 
(Tl 
o 
ru 
o 
Ul -I c = .... o c:i I J r_ 
o 
o 
ru 
I 
o 
(TI 
o 
::1' 
I 
;-
/ 
",. 
" / 
c:i '·r I I I -,- I I I I I I 1 I 1 I I I 
1Il().-160.-11l0.-120.-100. -80. -60. -110. -20. O. 20. 110. 61). 80.100.120.1110.160. IBO. 
I RNGLE 
TAIL NOSE 
Figure 26. Monopulse curve corresponding to Figure 22. 
--=:-:;;;:;- ;::::;=-.::.-=...::;:::;::::::::::;:::...~::;,.;;;::;:::::-.-.--.::::::-::::::::..-:::::.:.::::::::.- "-~-:::.::: ....... __ ~> • ___ ,_,_, - - __ .;-___ .".. __ , ~"". ,r- • ." _~==---.--=':: ' ----- ~=~-~- If' 
. ~r.~(...r ,-... ~.'"-- . . . ~" ___ ..... ~ _, _"' __ ._~ _',. 
f ,~ :,y7"-';,":"'rt~' .~~-t,_ -~'-.-Z?':i'}nr~""'~'::'_=_'" ~-':. ." " "'., !SS i __ 
','" 
~~ 
;1 ~ 
/~ k'J r ; 
'~ 
, 
j 
,J 
'1 
.' 
· (J) \ In t w \ C\I ~ \ (J) \ w W ...J en ~ a. \ 0 \ 
· Z ...J l- e a. ~ \ C\I 0 \ ::c ::c 
t::: !:: \ 
~ ~ \ • \ 0 C\J 
_J ...J -~ C\J \ 
-
W LLJ Q) C 0 \ L. 0 0 ::I 
:E :E \ O'l 
"r-\ I.L. l- t \ · 0 0 I.L. \ ...., « <t 
a:: a: \ O'l u u \ c: a:: a:: \ .,.. 
'0 
r 
« <t \\ · c: ..t'l 0 0. VI 
Q) / \ L. \ L. 
.1 0 
o .. 
y 
, - - VI ..... z -- Q) ..... > 
\ L. ::I , U i 
i 
'::l e \ 
· 
Q) I" 
./'I VI f w. ~ \ I ..... ~ ::I \ 0. I 0 \ c , , 
0 
'\ r :E: f 0 \ e 
• \.LJ , 
....... ... 
C\J ~ \ z 
\ Q) c: L. 
Z \ 
· 
::I 
O'l c: \ In or-\.LJ Z I.L. ..... 0 \ ..... 
\ , c:: .... t .. I c.r. \ ... 0, 
· . ~ c: C- o 
...J 
r 
u 
'" 
:I: 
I <t z c: 
I-0 ..... u := 
+ . · I I , 
o 2 I - • 9 1 - • o~-. :, '91 ' 21 ·S • h '0 'f1- 'S-
BO I 
46 
,.,-- . __ .;_. ~-. -------~.~~.-.~-.. "" 
.. t: ...... ·____ lIIIIbm_e'_ .. _______ ... ___ nnat..-w_ ...• ___ ...... ~,\h .. ___ ~ .• _.,\,L_'_"~.;;:::~~~::~~~;~~~_ ..... ~ _____ "~ ____ . __ . __ ~~ __ ~. 
i 
J 
l 
\ 
.~ 
1 
.1 
r 
! 
...... i 
'".' ( ",.~ 
.~ 
I 
if' ~~,,..~ 
~ 
. -
" t ' 
, 'f 
f ~ 
t ~ ~ .~l 
I, 
t 
I f 
I J 
I 
i 
I 
I 
I 
.j:o. 
"'-J 
~ ;'" ~;~l;· ~~ .....,-';: .. ~ .;::- .'" , ..~~~~r.~~:;. 
CONICRl PATTERN ANGLE 90 
BEAM POSITION 100 -- AIRCRAFT MODEL WITH PLATES 
· a 
III 
a 
::1' 
· a 
fI'l 
· -:.. 
C) 
nJ 
o 1 ...... _____ - - ............... _~_ 
(D. 
Do 
o 
a 
nJ 
I 
o 
(T) 
I 
. 
a 
:r 
• 
.; -+---'-1 ---'-(-.--. ( I I 
wO. - 160.-1110.-120.-1 00 .. 80. -60. -110. -20. 
I 
LEFT 
WING 
- --- AIRCRAFT MODEL WITHOUT PLATES 
I 
O. ,?O. 
RNGI [ 
l 
J 
i 
//j 
.. .. ., '1 ~~.;;;.----.~-~ 
I 
r I I I -.----. I I 
110. GO. 80. 100. 120. )110. 160~ 1(10 •• 
RIGHT 
WING 
Figure 28. Monopulse curve corresponding to Figure 23. 
, , 
t ~ j 
/ 
'i 
'I 
1 
J 
1· __ .--. . ]" 
'\~- .... < "~' " ~~-"-" ~,~===-==~~--- "j ~'--' "~~"=='~~';=' ,-~,~=-'-~"' ~~.,.-
'" .... f;;¥~"'f"''''''''''I'~ p' '~ 
: ~ , " ./;, li'" " 
.... / , • .t."r :;J ' ~ .... _'. ~-. ~ - - ,--_.P"'r ____ ' ----' ..... '~ •. _j.~',...-.~-""'~---=..c...- :- ~ ~. __ ,=, )iEItP! Pm=: -
• -:-~o===~-=-,::~=:.~::,·---·~,,-, 
~m~' ','-,;r' 
.. .... AT",,: ,','~r~~!~~; ::::"=_===.,=:~" ~ « ,_ ..... "-f",,,,,,:~·~~q"'~~"$t~~:-~fIiMi'~;;fii¥4#A¥f!'*"'1'>,!~l Pig: ¥·~~J~S .aK ; .... ilIJ, CQJiil4W • .. -~ 'c \ •• ..·~' •. l'" »:::~~:::~ .. " ,;- ~"." ;' -"- > 7~;L' ,,--':.~ , ,. 
....... ~~-
-- AI RCRAFT MODEL WITH PLATES 
- - - AIRCRAFT MODEL WITHOUT PLATES 
~l 
LI) 
CONICRL PATTERN RNGLE 
orAM POSITION 
90 
IUO rJ' //"/ , ,,-,-,-
~. ' ' ~. 
f 
i~.~ ~l 
i' I ~ 
t~ 
I 
I 
I 
I 
I 
~ 
co 
ru 
m 
:J' 
m 
00 
:J' 
I 
m 
I 
ru 
to 
Cl 
-~.s. 
I 
-20. 
__ LEFT 
WING 
------
--
-15. -10. -~) . ('. 
fiN' ,I 
::;-
'
J
• 10. 15. 
........ 
~<'/ 
.., 
20. 
RIGHT 
WING 
Figure 29. Monopulse curves corresponding to Figure 23. 
I 
/ 
"~ ~I ~ 
::, ~.;, . ,f:... '~_"~",~~~",,,,_~,_ ,t~ ./;" Jl " " . """",,~, ---.-~':l~.'-v-" b!'~.~ ,.' / ,~ .. ",' m . JJii:::> ... ,~- '.v, , 
25. 
~ 
3 ,I,;. 
! :A 
• 
~ ~ 
1 
• 
! 
1 
1 j 
'j 
j 
,j 
,J ~,l ':1, 'T . ' . ,:~<' "" __ ..... '. 0l:I"'''''~ 
~~~--·-----~~~7~-· -. ___ ~ 
.. 
~VERTICAL 
STABILIZER 
Figure 30. Geometry that illustrates the shadowing of the circular 
array by the vertical stabilizer. 
\ 
! 
~ 
NOSE 
LEFT .J.--.!-I-~_+-~~-+_-i-+:--+A I GHT WING WING 
SUM BEAM 
TAIL 
(SCALE: EACH DIVISION-IOOBI 
NOSE 
NORMALIZED TO 7.2 dB 
ETH POLARIZATION 
FREQ. = 1.06 GHz 
THC = 90.0 
PHC = 0.0 
THETA = 60.0 
LEF T -H--!:..---.!....--"-~~-+-...:--\---+ A I GHT WING WING 
DIFFERENCE BEAM NORMALIZED TO 7.0 dB 
TAIL 
(SCALE: EACH DIV!~ION-IOOBI 
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Figure 58. Average! maximum and :mlnlmum values of the monopulse curves 
taker. over the following values of THETA: 60, 65, 70, 75, 
80, 85, 90, 95, and 100 degrees. 
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Figure 59. Average, maximum and mlnlmum values of the monopulse curves 
taken over the following values of THETA: 60, 65, 70, 75, 
80~ 85, 90, 95} and 100 degrees. 
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